The plaque-forming assay is the standard technique for determining viral titer, and a critical measurement for investigating viral replication. However, this assay is highly dependent on experimental technique and conditions. In the case of human respiratory syncytial virus (RSV) in particular, it can be difficult to objectively confirm the accuracy of plaque-forming assay because the plaques made by RSV are often small and unclear. In recent studies, RT-qPCR methods have emerged as a supportive procedure for assessment of viral titer, yielding highly sensitive and reproducible results. In this report, we compare the viral replication, as determined by plaqueforming assay, and the copy numbers of RSV genes NS1, NS2, N, and F, as determined by RT-qPCR. Two real-time PCR systems, SYBR Green and TaqMan probe, gave highly similar results for measurement of copy numbers of RSV N genes of virus subgroups A. We determined the RSV gene copy numbers in the culture cell supernatant and cell lysate measured at various multiplicities of infection. We found that copy number of the RSV N gene in the culture supernatant and cell lysate was highly correlated with plaque-forming units. In conclusion, RT-qPCR measurement of RSV gene copy number was highly dependent on viral titer, and the detailed comparison between each gene copy number and virus titer should be useful and supportive in confirming RSV plaqueforming assay and virus dynamics. The technique may also be used to estimate the amount of RSV present in clinical specimens.
prophylactic strategies based on a clear understanding of viral pathogenesis.
Quantification of viral replication is an essential means to characterize RSV in vitro. PFU and TCID50 are fundamental procedures for estimation of viral titer. Although plaques generated by RSV are small and not clearly defined, plaque-forming assay and TCID50 remain crucial methods for determining the concentration of live virus when characterizing RSV (3).
McKimm-Breschkin described a detailed plaqueforming assay of RSV using the human laryngeal carcinoma cell line, HEp-2 (3). The plaques generated by RSV are clearer in HEp-2 cells than in Vero cells. This is likely as a result of the fact that HEp-2 cells produce type I interferon in response to viral infection, and Vero cells do not because of the loss of type I interferon gene cluster (4) . HEp-2 cells also produce a more highly glycosylated G protein of RSV, which may influence plaque formation, than do Vero cells (5) .
However, even the techniques described by McKimmBreschkin may be difficult to reproduce in different laboratory settings. Additionally, cultivation of RSV in vitro may produce defective interfering particles, namely virus-like particles that infect cells but fail to replicate, thereby reducing viral titer (6) . In order to compensate for this disadvantage in RSV plaque assay, qPCR can be used as a rapid, supplementary, and sensitive tool for the quantification of viral titer (7) .
Real-time qPCR methods using fluorescence dyes are in general use to estimate virus copy number (8, 9 ). There are two major methods: intercalation using SYBR Green dye (SYBR Green assay), and hybridization using TaqMan probe (TaqMan assay). Although RT-qPCR results must be evaluated within the context of possible contamination of nucleic acids, non-specific signal, and amplification efficiency (8, 9) , these results generally show a high degree of consistency between laboratories. Additionally, RT-qPCR may prove to be a valuable analytical method for clinical samples such as nasal discharge and sputum, which are usually available in a limited amount and may contain very small amounts of virus.
We hypothesized that RT-qPCR could be a useful and supplementary tool to confirm whether or not the plaque forming assay is accurate and reproducible for determining the amounts of RSV. To test this idea, we estimated the copy number of RSV (subgroup A) genes encoding the non-structural proteins NS1 and NS2, and the structural proteins N and F from supernatant and cell lysate using RT-qPCR systems. We found that RSV N gene copy number in cell culture supernatant and cell lysate were highly correlated with viral titer estimated by plaqueforming assay. We propose that quantifying the copy number of the RSV N, NS1, NS2 and F genes from cell culture supernatant and cell lysate together with plaque assay will help us to determine accurate RSV titer and investigate viral dynamics in vivo and in vitro.
MATERIALS AND METHODS

Cell culture and viral infections
The human lung adenocarcinoma epithelial cell line A549, the human bronchial epithelial cell line BEAS-2B, and the human laryngeal carcinoma cell line HEp-2 were purchased from ATCC (Manassas, VA, USA). RSV A2 (subgroup A) was obtained from ATCC. Cell culture was carried out according to previous work (10) . A549 and BEAS-2B were infected with RSV at a MOI of 0.1, 1, or 10 for 1 hr at 37°C. After adsorption, cells were washed twice with PBS and incubated with growth media for 24 hr.
RSV titration
Viral titers in cell culture supernatant were determined by a modified plaque-forming assay with HEp-2 cells (3).
Total RNA extract and cDNA synthesis Total RNA was extracted and purified from A549 and BEAS-2B cell cultures using RNeasy Mini Kit (Qiagen, Hilden, Germany) for cells, and QIAamp Viral RNA Mini Kit (Qiagen) for culture supernatant. Total RNA (1 mg) was reverse transcribed into 50 ng cDNA using SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) with the random primer under the recommended conditions. The resulting cDNA was used for RT-qPCR and preparation of plasmids carrying genes encoding RSV proteins.
Preparation of plasmids carrying genes encoding RSV proteins
To clone genes encoding NS1, NS2, N, and F of RSV, as well as a gene encoding RPPH for use as a control, each primer set was constructed with reference to the open reading frames (ORF) of the RSV subgroup A (A2) (GenBank: M11486.1) ( Table 1) . A pair of primers was designed using Primer3Plus software and synthesized by FASMAC (Atsugi, Japan). DNA encoding RSV NS1, NS2, F, and N was amplified by PCR with the appropriate primer sets using cDNA from A549 as a template. PCR reaction mixtures were in 50-mL volumes containing 25 mL PrimeSTAR HS (Premix) (TaKaRa, Kusatsu, Japan), 1 mL each of forward and reverse primer (final concentration of 0.2 mM), 22 mL sterile water, and 1 mL cDNA (100-150 ng). Cycling parameters for the PCR included 98°C for 1 min, 35 cycles at 98°C for 10 s, 55°C for 5 s, and 72°C for 1 min, and a final extension at 72°C for 7 min. PCR products were run in 1.5% agarose gel electrophoresis containing ethidium bromide. The 3 0 -A overhangs were added to the annealed DNA using Taq DNA polymerase. The reaction mixture contained 7 mL annealed DNA, 1 mL of 5Â colorless GoTaq reaction buffer (Promega, Madison, WI, USA), 1 mL dATP (2 mM), and 1 mL GoTaq DNA polymerase (Promega). The reaction mixture was incubated at 72°C for 10 min. The DNAs with 3 0 -A overhangs were ligated into the T-Vector pMD19 (Takara). For DNA of NS1, NS2, and N, 2 mL annealed DNA was mixed with 5 mL Ligation mix (Takara), 1 mL T-Vector pMD19 (50 ng), and 2 mL sterile water. For DNA of F, 1.3 mL annealed DNA was mixed with 5 mL of 2Â ligation buffer, 1 mL T-Vector pMD19 vector (50 ng), 1.7 mL sterile water, and 1 mL T4 DNA ligase. The ligation mixture was incubated at room temperature for 30 min, and the ligated DNA was transformed into Top 10 (Thermo Fisher Scientific) or DH5a (TaKaRa) competent cells. Plasmids from the transformants were purified using the NucleoBond Xtra Midi EF (Macherey-Nagel, D€ uren, Germany).
Insertion of each viral gene into the plasmid was verified by digestion with XhoI (TaKaRa) and sequence analysis using forward and reverse sequencing primers of the plasmid. The sequence analysis was conducted using the ABI PRISM 1 dGTP BigDye TM Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and ABI-3730XL DNA Analyzer (Applied Biosystems).
RT-qPCR
cDNA prepared from total RNA of RSV-infected cells and their culture supernatants were used for RT-qPCR. Standard cDNA encoding each viral protein and RPPH used for the RT-qPCR calibration curve was prepared by PCR using the plasmids described above as templates and the primers shown in Table 1 . The resultant PCR products were purified by Wizard 1 SV Gel and PCR Clean-Up System (Promega). The RT-qPCR was carried out by SYBR Green assay and TaqMan assay as follows. The reaction mixture for TaqMan assay contained THUNDERBIRD 1 Probe RT-qPCR Mix (TOYOBO, Table 1 . Selected primers and probes used in the present study
Osaka, Japan), 5 mL (25 ng) cDNA, and 1 mL PrimeTime 1 RT-qPCR primers (MBL, Nagoya, Japan), which were specific for RSV genotype A (11) and RPPH as an internal control ( Table 1 ). The thermocycling program was an initial incubation at 95°C for 1 min, followed by 55 cycles of 95°C for 15 s as denaturation, and 60°C for 30 s as annealing and extension with LightCycler480 (Roche, Basel, Switzerland). Three independent runs with duplicates were carried out for each standard dilution, and each standard curve was defined as the regression line of logarithm of standard copy number versus Cq. All curves were evaluated in accordance with published guidelines (8) . Efficiency was determined by the following formula: Efficiency ¼ 10
The RPPH gene is present at two copies per cell (12) . Therefore, the number of copies of each RSV gene per cell was calculated as original copy number divided by 1/2 RPPH copy number.
The reaction mixture for SYBR Green assay contained KOD SYBR 1 RT-qPCR Mix (TOYOBO), 5 mL (25 ng)
cDNA, and 1 mM primer pairs (Table 1 ) specific for NS1, NS2, N, P, and F of RSV and RPPH (13) . The thermocycling program was an initial incubation at 98°C for 2 min, followed by 55 cycles of 98°C for 10 s as denaturation, 60°C for 10 s as annealing, and 68°C for 30 s as extension with LightCycler480. Amplifications and detections were done in a LightCycler480 96-well white plate (Roche). During each cycle, accumulation of PCR products was detected by monitoring the increase in fluorescence of the reporter dye from the dsDNA-binding SYBR Green. After PCR, a melting curve was constructed from 60°C to 95°C.
Statistical analysis
Statistical significance was determined by Student's t-test. Data groups were considered to be significantly different when the P-value was <0.05. Strength of the relationship between RSV titer and copy number of SYBR Green assay or TaqMan assay was estimated by a Pearson correlation coefficient.
RESULTS
Calibration curves
To prepare standard DNA, we first prepared plasmidcarrying RSV genes NS1, NS2, N, and F and RPPH. Amplification efficiency of RT-qPCR is optimal when linear DNA, but not plasmid DNA, is used as a template. Thus, we prepared linear DNA encoding RSV proteins and RPPH by PCR-amplifying those genes from the plasmids constructed in this study. We attempted to quantify RSV genes NS1, NS2, N, and F. NS1, NS2, N, and F were successfully amplified and examined. The purified linear DNA of genes encoding RSV proteins NS1, NS2, N, or F and the gene encoding RPPH was used as a template for SYBR Green assay (Fig. 1) . Calibration curves were established by serial 10-fold dilutions of the DNA. Five or six dilutions gave calibration curves for 1.7 Â 10 5-9 copies (NS1), 1.5 Â 10 5-10 copies (NS2), 4.6 Â 10 4-9 copies (N), 3.8 Â 10 5-9 copies (F), and 7.3 Â 10 5-9 copies (RPPH) in each 1 mL (Fig. 1) . A difference in Cq greater than 5 was observed between the no-template control (water) ÃÃ P < 0.01, Ã P < 0.05.
and samples. All RT-qPCR products showed a sharp peak at the expected Tm of products (data not shown). We also established calibration curves of TaqMan assay for the RSV N gene and RPPH gene as a control. Non-specific amplification did not occur, because notemplate control gave no signal. Seven or eight dilutions gave calibration curves for 4.6 Â 10 3-10 copies (N) and 7.3 Â 10 3-9 copies (RPPH) in each 1 mL (Fig. 2) .
The RT-qPCR standard curve for each RSV gene was created for each run to examine the reproducibility between different runs and to calculate the average efficiency of amplification. The standard curves showed the basic requirements necessary for RT-qPCR: at least five dilutions of standard were used; the slope of the standard curve was between À3.2 and À3.5; and the R 2 value was more than 0.98 (9) .
Quantitation of individual RSV segments in supernatants and lysates of cells infected with various MOI
Copy numbers of RSV N, F, NS1, and NS2 in supernatants and cell lysates of RSV-infected A549 cells were determined (Fig. 3) . Copy numbers of RSV genes in A549 supernatants and cell lysates were highly dependent on MOI (Fig. 3a-h, each N number is 3) .
To validate the results obtained by SYBR Green assay, we carried out TaqMan assays to quantify the N gene using the same samples. The copy number of the RSV N gene in A549 supernatant was significantly different from MOI 10 to MOI 0.1 and 1 (Fig. 3i) . Likewise, the copy number of the RSV N gene in the cell lysate was significantly different between MOI 0.1 and 10 (Fig. 3j) . We determined RSV titer in the supernatant by the modified plaque-forming assay. The virus titers were 2.03 Â 10 5 , 5.50 Â 10 5 , and 6.17 Â 10 6 PFU/mL in the supernatant of MOI 0.1, 1, and 10, respectively (Fig. 3k) .
The same experiments were carried out in BEAS-2B cells (Fig. 4, each N number is 3) . As in A549, copy numbers of N, F, NS1, and NS2 in supernatants and cell lysate of RSV-infected BEAS-2B cells were highly dependent on MOI (Fig. 4a-h) , as determined by SYBR Green assay. Similar relationships were observed between MOI and copy number of N, as determined by TaqMan assay, in supernatants and cell lysates (Fig. 4i,j) . Viral titers determined by the plaque-forming assay were 6.60 Â 10 3 , 2.38 Â 10 5 , and 2.57 Â 10 6 PFU/mL in the supernatants of RSV-infected BEAS-2B cells at MOI ¼ 0.1, 1, and 10, respectively (Fig. 4k) . In supernatant and lysate, the copy number of each RSV gene was higher in A549 cells than in BEAS-2B cells (Figs,4 3 ). This was consistent with viral titer in the supernatant as determined by plaque-forming assay. In both cell types, RSV gene copy numbers in cell lysates were higher than those in supernatants.
Correlation between copy numbers determined by qPCR and virus titers of RSV-infected cells
First, we confirmed that the copy number of RSV N as determined by SYBR Green closely matched the copy number of RSV N as determined by TaqMan assay (Figs 5a, 6a) . We examined the correlation between copy numbers of RSV N in culture supernatant or cell lysate and PFU in the supernatants of RSV-infected A549 and BEAS-2B cells. The copy number in supernatant and cell lysate was highly correlated with RSV titer, and the correlation coefficient was >0.90 (Figs 5b-e, 6b-e) .
DISCUSSION
We established a procedure for quantification of RSV NS1, NS2, F, and N gene copy number using RT-qPCR (both SYBR Green and TaqMan assays) from the culture supernatants and lysates of infected cells, and the values obtained from this procedure were highly dependent on RSV titer as determined by the plaque-forming assay. In this experiment, we analyzed the non-structural proteins coding NS1 and NS2 genes together with N and F genes. It is important to investigate each gene during viral infection. In particular, only RSV has NS1 and NS2 among Paramyxovirus and it has been suggested that these play an important role in the counteraction of interferons (14) .
RT-qPCR of culture supernatants of RSV-infected cells was a promising supplement to measuring PFU or TCID50, which is difficult and laborious for RSV. The present study also indicated that our virus stock was appropriate for the experiments.
Compared to TaqMan assay, the SYBR Green assay has advantages in being easy and inexpensive to carry out because design and synthesis of a labeled probe is not required. However, this assay is prone to generate non-specific signals, and has a higher detection limit. In our experiment, we set MOI to 0.1, 1 and 10 as a result of the limitation. Therefore, it is normally considered not to be suitable for the detection of low copy numbers of virus in an extremely small amount of clinical sample or in culture supernatant with low MOI, as in this experiment, under 0.1 MOI. TaqMan assay is costlier because of the required design and synthesis of fluorescent probes for each target. However, the TaqMan assay has a much lower occurrence of non-specific signals, and is able to detect the lower levels of virus that may occur in clinical samples or in low-MOI experiments. In the present study, the copy number determined by SYBR Green assay was highly comparable to that determined by TaqMan assay (Figs 5a, 6a) , and high correlation between copy number measured by both qPCR and PFU was observed (Figs 5b-e, 6b-e) . We showed that both procedures successfully quantified RSV.
We constructed a quantitative system of RSV NS1, NS2, F, and N genes. RSV is a non-segmented negative-strand RNA virus the transcription of which is strictly controlled by viral replication status and host cell cycle (15) . In the present study, copy numbers of RSV N in cell lysate were more highly elevated than those of other genes. These two genes may be transcribed in the early phases of virus replication. Therefore, estimation of the copy number of each gene in supernatant and cell lysate facilitates investigation of viral replication steps during infection. Measuring viral gene copy numbers and comparing viral titers should be important for detecting inappropriate viral replication and defective interfering (DI) particles, and evaluation of infection inhibition by small interfering RNA and antiviral agents. For example, to assess the discrepancy between qPCR and the plaque assay implies the inhibition of appropriate RSV replication cycle in the host cell.
In conclusion, we established a qPCR system for the quantification of RSV NS1, NS2, N, and F genes. The copy numbers of RSV N genes in culture supernatant and lysate of infected cells were highly correlated with RSV titer as determined by plaque-forming assay. Calculation of copy number in supernatants and cell lysate should be useful and supportive as a method of quality control and ensuring the reproducibility of virus titer measurements. Furthermore, RT-qPCR should be useful for estimation of the amount of RSV from tissue fluids, such as nasal discharge, lavage, and sputum.
